in-gel fluorescence detection and cellular imaging of O-GlcNAc-modified proteins.
We report an advanced chemoenzymatic strategy for the direct fluorescence detection, proteomic analysis, and cellular imaging of O-GlcNAc-modified proteins. Previous studies have shown that an engineered β-1,4-galactosyltransferase enzyme (Y289L GalT) efficiently transfers a ketogalactose moiety from an unnatural UDP substrate selectively onto O-GlcNAc-modified proteins. Treatment with aminooxybiotin followed by streptavidin capture and elution allowed for identification of OGlcNAc-modified proteins 4, 11 . However when I tried applying this strategy to more indepth studies of O-GlcNAc proteins such as assaying O-GlcNAc dynamics across multiple conditions, I found that this was not an ideal system. First, the aminooxy-biotin reagent appeared to have strong nonspecific protein interactions. For example, robust streptavidin signal was detected in the control (-GalT) lane following in vitro labeling of α-crystallin even after three days of dialysis to remove the excess aminooxy biotin.
O-GlcNAc
Similarly after considerable optimization, I found that quantitative streptavidin capture was achieved only when using a large excess of streptavidin beads, in our case equal to half the reaction volume, to capture the biotin-labeled proteins in the presence of the excess free biotin, again even after three days of dialysis. Second, the aminooxy-ketone reaction required conditions of pH 4.5 for 24 hours in the presence of 5 M Urea. Yet in many cases, this prolonged reaction with low pH caused up to 50% of the proteins to precipitate out of solution.
We therefore investigated whether Y289L GalT would accept the UDP-azidogalactose substrate 1 (UDPGalNAz), which would allow for labeling of O-GlcNAc proteins using [3+2] azide-alkyne cycloaddition chemistry ( Fig. 1 ) [12] [13] [14] . In addition to providing alternative dyes to potentially reduce nonspecific interactions, this Cu(I)-catalyzed cycloaddition reaction would have the advantage of being performed more rapidly and at physiological pH.
I tested the approach using α-crystallin, a known O-GlcNAc-modified protein with a low extent (~10%) of glycosylation. α-Crystallin was treated with 1 and Y289L
GalT, followed by reaction with CuSO 4 , sodium ascorbate, and the biotin-alkyne derivative 2 for 1 h at 25 °C. Analysis by gel electrophoresis and blotting with streptavidin conjugated to an IR680 dye showed robust, selective labeling of a-crystallin, with no nonspecific labeling in the absence of GalT, 1 or 2 (Fig. 2) . Notably, as little as 250 fmol of a-crystallin (~25 fmol of glycosylated protein) was detectable, highlighting the sensitivity of the approach. In contrast, other I next examined whether this approach could be used for direct in-gel fluorescence detection and proteome-wide analyses of O-GlcNAc glycosylated proteins.
Nuclear and cytosolic protein fractions from rat forebrain were azide-labeled and then reacted with the tetramethyl-6-carboxyrhodamine (TAMRA)-alkyne derivative 3. The OGlcNAc proteins were immunoprecipitated using an anti-TAMRA antibody to remove non-glycosylated proteins from the lysate, resolved by 1D or 2D gel electrophoresis, and visualized by in-gel fluorescence imaging (Fig. 4) . Importantly, minimal nonspecific labeling was detected with the TAMRA-alkyne dye (Fig. 4 , -GalT control lanes), and I observed efficient capture and enrichment of the TAMRA-labeled proteins (+GalT, eluent and flow-through lanes).
To identify O-GlcNAc proteins, bands from the gel were excised, proteolytically digested, and subjected to nanoLC-MS/MS analysis. The data acquisition and subsequent database searching methodologies employed are detailed in the methods section. In total, Daniel Mason and I identified 213 proteins, representing 67 previously known and 146 novel, putative O-GlcNAc modified proteins ( Table 1) . The majority of the proteins identified participate in neuronal signaling and synaptic function, suggesting important functional roles for O-GlcNAc in neuronal communication (Fig. 5) .
Surprisingly, in contrast to previous proteomic analyses of brain tissue 5, 15, 16 , we identified many proteins involved in metabolism and biosynthesis, consistent with roles for OGlcNAc in nutrient sensing and cell survival observed in other tissues [1] [2] [3] . Interestingly, the metabolic proteins included 9 of the 10 enzymes required for glycolysis, suggesting a previously unidentified level of control by O-GlcNAc of this pathway. Thus, the approach enables the identification of a large number of unique O-GlcNAc modified proteins and has the advantages of ease and accessibility (e.g., short incubation times, simple gel-based detection and separation versus multiple chromatography steps, highthroughput analyses, commercially available reagents). PUGNAc treatment resulted in a 163 ± 3% increase in overall O-GlcNAc glycosylation levels, and interestingly, ranged from 136-176%, depending on the specific protein (Fig.   6 ). The varying extent to which O-GlcNAc is induced upon cellular stimulation may indicate complex regulatory control of the modification. Thus, this approach provides a new method to visualize and quantify dynamic changes in protein O-GlcNAc glycosylation which, when coupled with in-gel digestion and MS analyses as described above, will enable the identification of specific proteins undergoing those changes.
O-GlcNAc is known to modify a variety of components of the transcriptional machinery, including RNA polymerase II 18 , CREB 19 , and histone lysine methyltransferase MLL5
20
. Furthermore proteomic studies have demonstrated that transcription factors are over-represented among identified O-GlcNAc proteins 1, 5 . Thus I next examined whether our approach could be used to investigate O-GlcNAc on chromatin. DNA and proteins were cross-linked with formaldehyde, the chromatin was fragmented, and the lysate was azide-labeled and then reacted with 3. The O-GlcNAc proteins were immunoprecipitated using an anti-TAMRA antibody, the associated DNA was separated from the proteins, and the DNA was amplified by PCR. I observed an enrichment of eluent signal on the POMC promoter specifically in the presence of GalNAz and TAMRA antibody but no enrichment on the control 18S ribosomal RNA promoter (Fig. 7) . This suggests that our approach can be used to identify specific gene promoters that are enriched in O-GlcNAc levels. To more broadly identify such promoters, in collaboration with Jessica Rexach and Rosemarie Tsoa,
immunoprecipitated O-GlcNAc-associated chromatin and then assayed the results on a promoter array. Using this approach, we identified 154 promoters in which O-GlcNAc levels were specifically enriched ( Table 2) . These enriched promoters are distributed evenly across the mouse chromosomes ( Fig. 8) 
Methods

General Reagents and Methods:
Unless otherwise noted, reagents were purchased from the commercial suppliers Fisher All protein concentrations were measured using the BCA protein assay (Pierce). Western blots were visualized and quantified using an Odyssey infrared imaging system (LI-COR Biosciences). In-gel fluorescence detection was performed using a FujiFilm FLA-3000 or FLA-5100 scanner, and the fluorescence was displayed in green pseudocolor. h incubation with a streptavidin-IR680 conjugate (1:10,000) in TBST. After four washes for 15 min in TBST, the membrane was visualized using an Odyssey imaging system.
Chemoenzymatic
The same membrane was then blotted with an anti-α-crystallin antibody (1:1000) in 5% nonfat milk / TBST for 1 h at RT. Following three washes in TBST for 5 min, the membrane was incubated with a goat anti-rabbit antibody conjugated to IRDye800
(1:10,000) in the same buffer for 1 h at RT, washed three more times for 10 min, and then visualized using an Odyssey imaging system. To examine the detection sensitivity, 25, 10, 5, 1, 0.5, and 0.25 pmol of labeled α-crystallin were resolved by SDS-PAGE, transferred to PDVF, and immunoblotted with a streptavidin-IR680 conjugate (1:10,000).
For comparison, unlabeled α-crystallin (25 pmol) was resolved by SDS-PAGE, transferred to PDVF, and immunoblotted with the CTD110.6 antibody (1:1000), RL-2 antibody (1:1000), or WGA lectin (10 µg/mL) for 1 h at RT. Bis-Tris gel. The gels were imaged using a FujiFilm FLA-3000 or FLA-5100 scanner and silver stained using a protocol adapted from Blum, Shevchenko, and co-workers 21, 22 .
Chemoenzymatic Labeling of Rat
Briefly, the gels were fixed in an aqueous solution of 50% MeOH, 10% acetic acid for 30 min and then again in 5% MeOH, 1% acetic acid for 15 min. The gels were then washed 3
x 10 min with H 2 O and sensitized for 90 s with Na 2 S 2 O 3 •5H 2 O (20 mg/100 mL). After rinsing for 3 x 30 sec with H 2 O, the gels were exposed to AgNO 3 (200 mg/100 mL) for 30 min and rinsed for 3 x 60 s with H 2 O. Finally, the gels were developed for 2.5 min in a solution containing Na 2 CO 3 (6 g/100 mL), 37% formaldehyde (50 µL/100 mL), In-Gel Fluorescence Detection of O-GlcNAc Dynamics. HeLa cells were grown to 80-90% confluence in DMEM containing 10% FBS and penicillin/streptomycin (100 U/mL) and harvested. Cells were incubated in DMEM with PUGNAc (100 µM) or H 2 O for 9 h at 37 deg and 5% CO 2 . The cells were lysed in boiling 1% SDS, sonicated, and boiled for 5 min. The resulting lysate (200 µg) was chemoenzymatically labeled with 1, followed by 3, as described above. A negative control was performed under identical conditions, except that 1 was omitted from the reaction mixture. After TAMRA-labeling, protein (21 µg) was resolved on a 1.0 mm, 12-well NuPAGE 4-12% Bis-Tris Gel. The gel was imaged using a FLA-5100 scanner. Western blotting was done as described for α-crystallin above but using an anti-tubulin antibody (1:10,000). °C. The beads were centrifuged, the first eluent was saved, 160 µl TE, 0.67% SDS was added to the sample, and the beads were again rotated end-over-end for 10 min at 65 °C.
Total changes in O-
The beads were centrifuged and the second eluent was combined with the first. TE and SDS was added to the input such that the final input SDS concentration in the inputs was 0.81% and the eluents and inputs were decrosslinked by incubating them at 65 °C for 4 hours. After decrosslinking, 250 µl TE and 10 µl Proteinase K (10 mg/ml) were added and the reactions were incubated for 2 h at 37°C shaking at 235 RPM.
56 µl of 4 M LiCl in TE was added to each sample and the DNA was extracted with 560 µl of Phenol:Chloroform:Isoamyl Alcohol (25:24:1) followed by 560 µl chloroform. 56 µl of NaOAc (5 M, pH 5.2), 1.5 ml ethanol (100%, ice-cold), and 1 µl glycogen (20 mg/mL) was added to each sample, the sample were vortexed and then incubated at -20°C overnight. After overnight incubation, the samples were centrifuged for 30 minutes at 22,000 x g, the supernatant was discarded, the pellets were allowed to air dry, and the pellets were redissolved in 60 µL DNase-free H 2 O. These samples were either taken on to PCR or given to Rosemary Tao in the Sun lab (UCLA) for analysis on a promoter microarray. cultures were incubated at 5% CO 2 at 37 °C for 6 h.
Cortical neuronal cultures were prepared from embryonic day 18 Long Evans rats as described 24 . Neurons were counted, diluted into supplemented Basal Media Eagle (BME, Sigma; 450 mL media, 10 mL L-glutamine (200 mM), 5 mL penicillin/streptomycin (10,000 U/mL), 10 mL B-27 serum-free supplement (50X stock), 25 mL FBS) and seeded on poly-DL-ornithine-coated 18-mm glass coverslips (Carolina Biologicals) at a density of 100 cells/mm 2 (150 µL/coverslip). After 30 min, 350 µL of supplemented BME media was added to each coverslip. The cultures were incubated in 5% CO 2 at 37 °C for 7 days.
To image O-GlcNAc glycosylated proteins, the media was removed, and the coverslips were rinsed one time with PBS, fixed in 4% paraformaldehyde for 20 min at RT, washed twice with PBS, permeabilized in 0.3% Triton X-100 for 5 min at RT, and washed twice with enzymatic labeling buffer (50 mM HEPES, 125 mM NaCl, pH 7.9).
Reaction mixtures and negative controls without UDP-GalNAz 1 were prepared as described in the Click-It™ O-GlcNAc Enzymatic Labeling System instructions except that Component C, the enzymatic labeling buffer, was replaced with a buffer containing 125 mM NaCl, 50 mM HEPES, pH 7.9. These mixtures were added to each coverslip (50 µL), and the coverslips were incubated at 4 °C for 14-20 h. For the HeLa cells, PNGase F (2500 U/mL) was added to the enzymatic labeling reaction mixture; no difference in staining was observed in the presence or absence of PNGaseF. Coverslips were washed one time with 125 mM NaCl, 50 mM HEPES, pH 7.9 and twice with 50 mM Tris, pH 8.0. Biotin labeling reaction mixtures were prepared as per the Click-It™
Biotin Glycoprotein Detection Kit instructions using 50 mM Tris, pH 8.0 without SDS, added to each coverslip (50 µL), and the reaction allowed to proceed for 1 h at RT. For TAMRA labeling, TAMRA-alkyne 3 was substituted above for biotin-alkyne 2. The TAMRA-alkyne 3 produced high background labeling in the absence of GalT, likely due to noncovalently sticking of 3 to hydrophobic regions of membranes and proteins. The background could be reduced by washing the cells with organic solvents (similar to the precipitation steps after TAMRA labeling on lysates), but these solvents also distorted and destroyed the fixed cells.
After the reaction was finished, the coverslips were washed once with PBS, three times with 0.1% Triton-X100 in PBS, and once with PBS. Following the PBS wash, nonspecific binding was blocked by incubating with 3% BSA in PBS for 1 h at RT and then rinsing once with PBS. Cells were then incubated with streptavidin-AlexaFluor 488
(1:800; Molecular Probes) in 3% BSA in PBS for 1 h at 37 °C. Coverslips were rinsed three times with 0.2% Triton-X100 in PBS and once with PBS. The coverslips were mounted onto glass slides using Vectashield mounting medium with DAPI (2 µL; Vector Labs) and sealed with clear nail polish. Cells were imaged using a Nikon Eclipse
